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INTRODUCTION 
The work under t h i s  Grant i s  generally concerned with the generation, 
control, and s t ab i l i za t ion  of op t ica l  frequency radiation. I n  par t icu lar ,  
we are  concerned with obtaining tunable opt ica l  sources by means of non- 
l i nea r  op t i ca l  techniques. 
following areas. These were: first, a novel technique t o  produce long, 
high-power opt ica l  doubled pulses from &-switched lasers ;  second, a pro- 
posed new method which would allow the  output frequency of an op t i ca l  
parametric o sc i l l a to r  t o  be locked t o  the absorption of an atomic t r ans i -  
t ion ;  t h i rd ,  a technique t o  a t t a i n  backward osc i l l a t ion  i n  the f a r  infrared; 
and fourth, a method t o  s t a b i l i z e  gas lasers .  
During t h i s  period work was act ive i n  the 
During t h i s  period the  following publications have been submitted fo r  
public a t  ion and/or have been published : 
J. E. Murray and S. E. Harris, "Pulse Lengthening Via Overcoupled 
Internal  Second Harmonic Generation," submitted t o  J. Appl. Phys. 
S. E. Harris, "Tunable Optical Parametric Oscil lators,  " submitted 
t o  Proc. IEEE. 
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1. Pulse Lengthening Via Overcoupled In te rna l  Second Harmonic Generation 
(S. E. Harris and J. E. Murray) 
We have completed the  thea re t i ca l  analysis of t h i s  pulse lengthening 
technique, and have submitted the  r e su l t s  f o r  publication i n  the J. Appl. 
Phys. The submitted paper i s  included as  Appendix A. 
We a re  now preparing t o  demonstrate the e f fec t  experimentally using 
KDP and a ruby l a s e r  system. 
2. Backward Wave Osci l la t ion 
( Joe l  Falk and S. E. Harris)  
The backward wave osc i l l a to r  as previously proposed involves a three  
photon in te rac t ion  which becomes temporally unstable a t  high pumping levels .  
During the  past quarter backward wave osc i l l a t ion  was attempted i n  the  best  
quali ty LiTaO avai lable  t o  date. Pumping leve ls  were as high as 200 MW/cm 
or  more than 40 times theo re t i ca l  threshold. 
not observed. 
(1) The residual  loss of the  LiTaO The LiTaO 
crys ta l s  used were yellow i n  appearance and had losses  which varied from 5% 
t o  15% a t  the  ruby wavelength. 
opt ical ly  perfect;  i . e . ,  birefringence wander as a function of c rys t a l  
length was eas i ly  observed when the  c rys ta l s  were examined between crossed 
2 
3 
Osci l la t ion was, however, 
We a t t r i b u t e  the f a i l u r e  of t h i s  experiment t o  the  following: 
3 a t  the ruby pump wavelength. 3 
(2) A l l  c rys ta l s  used were not nearly 
polarizers.’ (See Fig. 1) 
A s  a t e s t  of qual i ty  of the  LiTaO crys ta l s ,  attempts were made a t  3 
observation of stimulated Raman scat ter ing from the  201 cm-’ and 600 an’’ 
A1 symmetry vibrat ional  modes. Strong backward wave scat ter ing from each 
mode was  readi ly  observed. Attempts a t  observation of forward wave 
~- 
’5. E. Midwinter, Appl. Phys. Letters 11, 128 (1967). 
21. P. Kaminow and W. D. Johnston, Jr., Phys. Rev. - 160, 519 (1967). 
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a) Poor Crystal 
1 I : b) Good Crystal 
FIG. 1--Birefringence wander in lithium tantalate as observed 
between crossed polarizers. 
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scat ter ing were unsuccessful. 
process does not involve the propagation of a coherent f a r  in f ra red  elec- 
W e  note tha t  the  backward wave Raman 
tromagnetic wave and i s  hence insens i t ive  t o  small re f rac t ive  index 
changes. 
wave of short  
hence c ruc ia l ly  dependent on re f rac t ive  index homogeneity. We a t t r i b u t e  
the  absence of forward wave Raman sca t te r ing  as fur ther  evidence of 
re f rac t ive  index variations.  
On the  other hand, forward wave Raman scatkering involves a 
k vector which i s  a t  l e a s t  p a r t i a l l y  photon-like and 
3 The problems of absorption and re f rac t ive  index wander i n  LiTaO 
have l e d  us t o  suspend osc i l l a t ion  attempts i n  LiTaO 
next quarter attempts at backward osc i l l a t ion  w i l l  be made i n  LiNbO 
LiNbO 3 
and i s  available i n  nearly opt ica l ly  perfect crystals .  
During the  3' 
3' 
i s  opt ical ly  c lear  a t  6943 a ( less  than 0.15 absorption per cm) 
The LiNbO w i l l  be cut with i t s  length a t  10' t o  the  c r y s t a l  c 3 
axis t o  allow backward wave osc i l l a t ion  t o  be phase matched a t  1.0 mm 
a t  2OoC. A t  t h i s  wavelength LiNbO absorption as calculated from 3 
measured r e f l ec t iv i ty ,  i s  l e s s  than a few cm . -1 3 
The c rys t a l  w i l l  be cut so t h a t  i t s  length w i l l  f a l l  i n  the crys- 
tallographic +c +a plane such t h a t  the  contributions t o  the  nonlinear 
po lar izabi l i ty  due t o  the  addition of coeff ic ients  
It i s  in te res t ing  t o  note tha t  although i n  the  v i s ib l e  par t  of t he  spectrum 
have opposite signs, f o r  f a r  infrared generation they d42 and d22 
have the  s m e  sign. This apparent lack of sign agreement may be understood 
d42 and d22 . 4 
'J. D. Axe and D. F. O'Kane, Appl. Phys. Letters 9, 58 (1966). 
4 
'J. E. Bjorkhohn, Appl. Phys. Let ters  _. 13, 36 (1968). 
- 
K. F. Hulme, P. H. Davies, and V. M. Cound, J. Phys. C (Solid S ta t e  
Phys.) Ser. 2, - 2, 855 (1969). 
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by reca l l ing  t h a t  fo r  v i s ib l e  l i g h t  generation the nonlinear coeff ic ients  
a re  due t o  nonlinear e lectronic  polar izabi l i ty  while fo r  f a r  infrared 
generation the nonlinear coeff ic ients  a r e  due primarily t o  nonlinear molec- 
u l a r  e f fec ts .  
The use of 
i n  an effect ive 
a LiNbO c rys t a l  cut a t  10' t o  the  c axis w i l l  r e su l t  
nonlinear coefficient given by 
3 
deff = d42 s i n  0 + d22 cos 0 (1) 
where e i s  the angle between the  c r y s t a l  c axis  and i t s  length. For 
LiNbO and hence f o r  a 10' 
cut c rys t a l  deff = 0.27.10-21 mks . From Eq. (1) we see tha t  t he  effect ive 
nonlinearity i s  increased as  0 i s  increased toward tan-1(d42/d22) = 83'. 
Unfortunately the  increased nonlinearity t h a t  would r e su l t  from e near 
83 i s  unusable, inasmuch as phase matching f o r  8 i s  appreciably greater  
than 10' and occurs i n  the  lossy region of LiNbO where backward wave osci l -  
l a t  ion i s  impossible . 
-21 d42 = 1.0*10-21 mks , d22 = 0.1.10 mks 3 
0 
3 
We note tha t  cut t ing of the  Limo a t  10' t o  t he  c axis introduces 3 
walk-off between the  extraordinary pump wave normal and i t s  Poynting 
vector. If care i s  not taken t o  make a l l  the  parametric beams large,  the  
pump will ef fec t ive ly  walE out of the parametric interact ion,  d ra s t i ca l ly  
reducing the  interact ions 's  efficiency. It has been shown tha t  f o r  walk- 
off t o  be negligible beam s ize  must be greater  than $pa where p i s  the  
walk-off angle and a t he  c rys t a l  length. For a one centimeter 10' cut 
LiNbO 
The r e s t r i c t i o n  of minimum beam s i ze  of &pa 
c r y s t a l  t h i s  means tha t  beam s izes  must be kept greater  than 0.19 m. 
means, i n  e f fec t ,  t ha t  fo r  a 
3 
loss less  c rys t a l  of LiNbO 
osc i l l a t ion  i s  independent of length and i s  given by 1.1 MW. 
the threshold power required fo r  backward wave 
3 
This means 
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tha t  any increase i n  available c rys t a l  length manifests i t s e l f ,  not i n  a 
decrease i n  the pump power required, but i n  an increased minimum pump 
area and hence a decreased pump power density. 
wave osc i l la t ion  i n  a lossless c rys t a l  it i s  advantageous t o  increase 
Therefore, for backward 
c rys t a l  length t o  a point where required threshold densi t ies  w i l l  not 
3 damage the  c rys ta l .  
damages a t  approximately l5O MW/cm 
Previous experience has indicated t h a t  LiNbO 
2 . This damage threshold leads t o  a 
calculated minimum c rys t a l  length of 2.5 cm f o r  avoidance of laser 
damage a t  backward wave thzeshold. 
3. Laser S tab i l iza t ion  Studies 
(s. C. Wang) 
The purpose of t h i s  par t  of the  project i s  t o  develop methods fo r  
absolute frequency s t ab i l i za t ion  of l a s e r  o sc i l l a to r s ,  par t icu lar ly  fo r  
a He-Xe 3 . 3 1 ~  laser .  The frequency s t ab i l i za t ion  can be obtained by two 
possible methods: one i s  t o  s t a b i l i z e  l a s e r  o sc i l l a t ion  frequency a t  
"enhanced Lamb-dip" of low pressure pure Xe c e l l  inside the  l a s e r  cavity, 
and the second i s  t o  use saturat ion of resonance absorption of a proper 
low pressure gas inside the  l a s e r  cavity and t o  lock the osc i l l a t ion  
frequency on an "inverted Lamb dip". 
During t h i s  period, the laser-absorber frequency s t ab i l i za t ion  method 
By introducing di-methyl-ether ( C2H60) as  saturable has been investigated.  
absorbing gas inside the  l a se r  cavity, the "inverted Lamb dip" has been 
observed and recorded. 
The l a s e r  cavity i s  82.3 cm long w i t h  a s ingle  isotope xenon l a se r  
20 cm long and an absorbing gas c e l l  30 cm long f i l l e d  with C2H60 gas. 
Two separate methods a re  used t o  invest igate  the  "inverted Lamb dip" 
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formed due t o  the saturat ion of resonance absorption of gas a t  the l a s e r  
o sc i l l a t ion  l i ne .  
output versus frequency tuning of cavity, and the second i s  the  detection 
of the first derivative of output power versus frequency tuning. 
The first method i s  the d i rec t  measurement of power 
The preliminary r e s u l t  of the recorded "inverted Lamb dip" shows 
tha t  it has a 1 MHz width and an absorption in t ens i ty  of 4% t ha t  of the  
l a se r  peak value. The invest igat ion i s  continuing at the  present time. 
- 7 -  
PULSE LENGTHENING V I A  OVERCOUPIXD INTERNAL SECOND HARMONIC GENF,RATION 
by 
J. E. Murray and S. E. Harris 
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PULSE LENGTHENING VIA OVERCOUPLED INTERNAL SECOND HARMONIC GENERATIONX 
b Y  
J. E. Murray and S.  E .  Harris 
p_BS TRAC T 
This paper discusses the use of i n t e rna l  second harmonic generation 
as a means of lengthening the  pulses of &-switched l a se r s .  The second 
harmonic generator a c t s  as both a nonlinear power dependent loss  and as 
an output coupler fo r  the l a s e r .  
t o  the second harmonic is  greater  than t h a t  necessary t o  maximize the 
peak second harmonic power. It is shown t h a t  a pulse lengthening f ac to r  
of about 100 should be obtainable. 
The lengthening a r i s e s  if  the coupling 
* 
This work was sponsored by the  National Aeronautics and Space 
Administration, under NASA Grant NGR-05 -020-103 a 
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Introduction 
I n  many nonlinear applications, pulses which a re  somewhat longer 
than may be obtained from normal Q-switched l a se r s  are  desirable .  Such 
pulses would allow interact ions t o  reach steady s t a t e  and a l so  reduce 
the p o s s i b i l i t y  of various types of op t i ca l  damage. Several authors 
have described techniques which make use of a nonlinearly increasing 
l o s s  t o  achieve t h i s  pulse lengthening. Such techniques have 
1 8  
employed stimulated Rayleigh, Raman, and Bfi l louin scattering, 2 ,3  two 
4 -7 496 photon absorption, and nonlinear f r ee  c a r r i e r  generation as the 
means of obtaining the nonlinear loss .  In t h i s  paper we describe the 
use of second harmonic generation as  the in te rna l  loss  mechanism.' 
applications where the useful  output is the second harmonic of  the 
In 
pumping laser ,  t h i s  approach is  pa r t i cu la r ly  advantageous because 
the pulse lengthening is  achieved a t  no expense in  output energy. 
In  the technique proposed here, the nonlinear doubling c r y s t a l  
is  placed inside the l a se r  cavi ty  where it ac t s  as  both the output 
coupling fo r  the l a s e r  and as  the nonlinear loss.  A s  the l a s e r  power 
b u i l d s  up, the loss r e su l t i ng  from second harmonic generation increases 
as the square of the fundamental power; peak power is  reached when t h i s  
loss  has increased t o  where it is equal t o  the s ing le  pass gain. Once 
t h i s  gain equals l o s s  point i s  reached, the l a se r  power may no longer in-  
crease, and the remaining population inversion is  used in  lengthening the 
pulse. If the coupling t o  the second harmonic is  subs tan t ia l ly  greater  
than t h a t  necessary t o  optimumly couple, i . e .  t o  produce the maximum peak 
power a t  the second harmonic wavelength, then the  majority of the inversion 
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w i l l  be used t o  lengthen the pulse.  For such output couplings there  is a 
d i r ec t  t rade of f  between pulse amplitude and length, and the energy of the 
second harmonic pulse remains constant as  a function of second harmonic 
c oup 1 ing . 
Theory 
The r a t e  equations’ for  a l a s e r  system w i t h  an addi t ional  term 
in the photon densi ty  equation representing the loss  t o  second harmonic 
generat ion 
where 
N =  
w =  
u =  
? =  
C 
- 
t o t  ? 
K =  
L =  
A =  
u =  
- 
€ =  
- - Ta 
AV = 
are  
dN/dt = W - (UC/LA)UN - N/Ttot ( 1) 
(2) 
2 du/dt = - u / ? ~  + (Uc/LA)N(u + 1) - Ku 
Popula t ion inver s ion 
Pumping r a t e  
Total  number of photons per per t inent  cavi ty  mode 
Photon l i fe t ime 
Total  l i fe t ime o f  upper s t a t e  
Nonlinear coupling coef f ic ien t  
Optical  length of resonator 
Beam area in  l a se r  mater ia l  
Cross sect ion for the l a s e r  l i n e  o f  i n t e re s t  
Relative d i e l e c t r i c  constant 
Radiative spontaneous l i fe t ime of  upper s t a t e  
F u l l  half  -power linewidth 
- 11 - 
.In terms af  the second harmmic c r y s t a l  parameters, K is given by 
= 8ah 7 ( ~ V ) ~ ( d t ) ' (  :) 2 
W 
where 
= In te rna l  fundamental power pF 
Ps i  = Generated second harmonic power 
w = Fundamental beam radius i n  second harmonic c r y s t a l  
= 377/refractive index of nonlinear c r y s t a l  a t  second harmonic 
V = Fundamental l a se r  frequency in  Hertz 
= Length of nonlinear c r y s t a l  
d = Nonlinear coef f ic ien t  
10 and where near f i e l d  focusing has been assumed. 
For Q -sw itched operat ion, 11' l2 the pumping term and the spontaneous 
emission terms can be neglected and equations (1) and (2) may be nor;- 
malized t o  y ie ld  
dn/dT = - $n 
d$/dT = $(n - 1) - w2 
where 
n = N / N ~ ~  = (CC/LA)T N 
C 
j4 = (crc/LA)zcu 
T = t /Tc 
f3 = (LA/Uc)K 
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We w i l l  define B a s  the normalized coupling parameter; i t  can a l so  be 
wr i t ten  
Second harmonic conversion e f f ic iency  per  fundamental power 
) Single pass gain per  s tored energy in  inversion. B =(;)x ( 
SdPF.  where the second harmonic conversion e f f ic iency  i s  defined a s  P 
Results 
Figures 1 through 5 show normalized second harmonic pulse length, 
peak second harmonic power, normalized second harmonic energy, funds.- 
mental pulse width, and peak fundamental power as  a function of the nor- 
malized i n i t i a l  inversion n and the normalized coupling parameter l3 . 
The r e l a t ions  between the ac tua l  parameters and the normalized ones a re  
= (hVA/uz )$  'Fund C 
= (hVLA1 CCTc) ESH %H 
From Figs.  1 and 4 it i s  seen tha t  u n t i l  f3 is greater  than 1 
very l i t t l e  pulse lengthening i s  obtained. Note tha t  Fig. 3 confirms 
tha t  once the coupling exceeds approximately 10 the energy in the 
second harmonic pulse remains constant, giving a d i r ec t  t rade -off 
between peak amplitude and pulse length. Figure 6 shows the computer- 
generated second harmonic pulse shapes f o r  n = 2.0 and f ive  d i f fe ren t  
values of B . Figure 7 shows the  value of 8 which maximizes the 
second harmonic peak power f o r  a given value of i n i t i a l  inversion. 
0 
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Unlike the cw case, l3’l4 t h i s  optimum coupling f o r  a Q-switched l a s e r  
is  a function of the i n i t i a l  inversion. 
harmonic power t h a t  may be obtained from such an optimumly coupled l a s e r .  
Figure 8 shows the peak second 
The range of v a l i d i t y  of these solut ions is  l imited t o  the region 
where the generated second harmonic power is  near ly  proportional t o  the 
square of the fundamental power. For an exact large s igna l  solution, 
it would be necessary to  replace the @f12 term i n  equation (4) by 
(cTc/L)fltanh2 [ ( f3L/TC4fl]  ’ 
However, if t h i s  is done, the equations do not  normalize t o  a s ingle  
parameter. If we require  t h a t  \,the argument of the hyperbolic tangent 
function be l e s s  than 0.45, the e r ro r  introduced t o  the d i f f e r e n t i a l  
equations by the small amplitude approximation is l e s s  than 12$. This 
condition can be wr i t ten  
(BL/T c)$ = < 0 . 2  , 
C 
where a i s  a l l  s ing le  pass cav i ty  losses  except tha t  due t o  second 
harmonic generation. Using t h i s  r e l a t ion  and Fig.  5 ,  the regions of 
v a l i d i t y  according t o  the above c r i t e r i a  can be obtained f o r  any value 
of cavi ty  loss,  a . 
Parameters f o r  Some Common Nonlinear Crystals  and Lasers 
Table I gives cross  sect ions and normalized coupling parameters for 
a few of the common second harmonic c rys t a l s  and l a se r  l i nes .  
phase matchable c r y s t a l s  such a s  LiNbO 
beam radius used i n  determining f3 was taken t o  be tha t  which would 
For 90’ 
and Ba2NaNb 0 the fundamental 3 4 15 
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confocally focus 
c rys t a l s  such a s  
fundamental beam 
where p is  the 
This c r i t e r i a  is 
a 1/2 cm c r y s t a l  a t  the fundamental wavelength. 
KDP, L i I O  and a - Hi0 which exhibi t  walk-off, the  
s i ze  was chosen according t o  the c r i t e r i a  w =<2 & 
walk-off angle in radi'ans hnd 8 the c r y s t a l  length. 




monic power which may be obtained from the laser ,  but it ensures a good 
Gaussian m0de.l' We have assumed a beam radius  of 0.75 mm i n  the l a se r  
material  and a cav i ty  length of 60 cm; and a l l  values of B are  quoted 
without regard t o  damage thresholds. 
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I .  1. 
FIG. 1--Second harmonic pulse length versus initial inversion. 
AT = full width at half amplitude. 
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FIG. 2--Peak second harmonic power versus i n i t i a l  inversion. This gives 
the t o t a l  second harmonic power generated and doesn' t  account 
f o r  the f a c t  t h a t  it i s  typ ica l ly  generated i n  both direct ions.  
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FIG. 3--Normalized second harmonic energy 
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FIG. 4--Fundamental pulse length versus i n i t i a l  inversion. 
AT = f u l l  width a t  half  amplitude. 
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FIG. ?--Peak fundamental power i n t e rna l  t o  the l a s e r  cavity versus 
i n i t i a l  inversion. 
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FIG. 6--~ornputer generated waveforms f o r  f i v e  values of the normalized 
coupling parameter, B and an i n i t i a l  inversion of 2 .O. The 
upper f igure shows the waveforms f o r  t? = lo2 and 103 with 
an expanded time sca le .  
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FIG. '?--Optimum coupling parameter for 
m a x i m u m  second harmonic peak 
power versus i n i t i a l  inversion. 
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FIG. 8--Peak second 
harmonic power versus 
initial inversion for 
optimun'coupling. 
N/Nth 
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